INTRODUCTION
============

Halogenated Aromatic Hydrocarbons (HAH) is a class of widely dispersed, environmentally persistent compounds. Intensive industrial use and improper disposal of these chemicals resulted in a global contamination. One of the major class of HAH is Polychlorinated biphenyls (PCBs) with different structural characteristics of congeners. PCBs are a large class of aromatic chlorinated hydrocarbons comprising 209 congeners that differ in the number and position of chlorine atoms. These chemicals are widely distributed environmental contaminants that have been found at many different levels in the food chain [@B001]. They are persistent and bioaccumulative in the body and cause a wide range of tissue- and species-specific toxic effects such as carcinogenicity, teratogenicity, immune suppression, and endocrine disruption [@B016]. Among a variety of toxic responses, neurotoxic effect recently draws a lot of attention. It is of a particular concern that exposure to the relatively low concentrations of PCBs may be associated with subtle behavioral and neurological deficits if exposure occurs during development [@B004]. Animal studies also demonstrated the neurotoxic potentials of PCBs including psychomotor dysfunction and cognitive deficits [@B014]. Although mechanism of PCB-induced neurotoxic effects still remains unclear, structure- activity relationship of PCB congeners has been described for a few neuronal activities in neurons including intracellular calcium buffering and tyrosine hydroxylase activity [@B001]. It was reported that the *ortho*-, non-coplanar PCB altered intracellular Ca^2+^ homeostasis by inhibiting Ca^2+^ buffering system and caused protein kinase C (PKC) translocation at low micromolar concentrations, while non-*ortho*, coplanar PCB did not have any effects on these second messenger systems [@B007], [@B005], [@B006]. Alteration of normal Ca^2+^ buffering system leading to the increase of intracellular Ca^2+^ may initiate many second messenger systems, which may lead to alteration of neuronal functions. One of the most critical second messenger molecules involved in neuronal function and development is protein kinase C (PKC). PKC signaling pathways have been associated with an important factor in learning and memory processes [@B010]. While Structural difference of PCBs plays a key role in PKC activation [@B018], relationship between structure of PCB and PKC subspecies remains to be elucidated. Since cerebellum is a storage site for the memory traces for discrete motor learning and classical conditioning of eyeblink response [@B012], it is suggested that alteration of PKC in cerebellum is associated with impaired motor dysfunction [@B002]. PKC subspecies are located in different subcellular compartment and have their unique activation profile [@B013]. Thus, it is important to analyze the individual PKC isozymes to understand their biological significance in the cellular system.

The present study attempted to assess structure-activity relationship of coplanar and non-coplanar PCBs with activation of PKC isozymes and to identify structural moiety responding to PKC activation in cerebellar granule cells in culture.

MATERIALS AND METHODS
=====================

***Materials.*** All reagents were purchased from Sigma- Aldrich (St. Louis, MO, USA), but otherwise it has been described.

***Cerebellar granule cell culture.*** Cerebellar granule cell cultures were prepared from the cerebella of 7-day old SD rat pups as described previously [@B007]. Cells were plated at 3 × 10^6^ cells/well in 6-well plates. After plating, cells were incubated at 37℃ in a humidified incubator with 5% CO~2~ atmosphere. Cytosine arabinoside (5 μM) was added after 24 hr to prevent growth of non-neuronal cells. Cells were used for the experiments after 7 days in culture. Cultures typically contained \> 95% neurons.

***Exposure.*** Cerebellar granule cells grown on 6-well culture plates were exposed to 0, 25, and 50 μM 3, 3\' , 4, 4\', 5-penta-CB (PCB-126), 3, 3\' , 4, 4\' , 5, 5\'-hexa-CB (PCB- 169), 2, 3, 4, 4\', 5-penta-CB (PCB114), 2, 3, 3\', 4, 4\', 5- hexa-CB (PCB-157), 2,2\',5,5\'-tetra-CB (PCB-52), 2, 2\'-di-CB (PCB-4) (\> 99% purity; Accu-Standard, New Haven, CT, USA) for 15 min, respectively. In order to get enough protein for immunoblots, 4 culture plates were used for each concentration. After the exposure, cultures were washed twice with locke's buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO~3~, 2.3 mM CaCl~2~, 5.6 mM D-glucose, 5 mM HEPES, pH 7.4) and the cells were harvested in a final volume of 2 m*l* buffer A (20 mM Tris-HCl. pH 7.5, containing 0.25 M sucrose, 2 mM EDTA, 2 mM EDTA and cocktail of protease inhibitors including 0.5 mM phenylmehylsulfonylfluoride (PMSF), 10 μg/m*l* leupeptin, and 10 μg/ m*l* pepstatin). For the inhibition study, cells were treated with α-naphthoflavone (α-NF) (10 μM) or N-acetyl cysteine (NAC) (10 mM) for 1 hr prior to the exposure of PCB-4 (50 μM).

***\[^3^H\]Phorbol Ester Binding assay.*** Cerebellar granule cells grown on 12-well culture plates (Costar) were tested at 7 days in culture for \[^3^H\] phorbol ester binding assay following the method outlined by [@B017]. Briefly, the monolayers were washed with Locke's buffer containing 0.1% fatty acid free bovine serum albumin. Following washing, the cells were incubated in Locke's buffer containing 1 nM 4-β-\[^3^H\] phorbol 12,13-dibutyrate (\[^3^H\] PDBu; 0.1 μCi/m*l*; Dupont, New England Nuclear Co. Boston, MA, USA) for 15 min at room temperature with the test chemicals (0\~50 μM). An aliquot of the sample (0.7 m*l*) was added to 9 m*l* Ultima Gold™ (Packard, Meriden, CT) and the radioactivity was determined using scintillation spectroscopy (Beckman LS6500, Fullerton, CA).

***Measurement of reactive oxygen species (ROS).*** Formation of intracellular ROS was measured using a fluorescent probe, 2\',7\'-dichlorofluorescin diacetate (DCFH-DA) (Invitrogen, Carlsbad, CA, USA) as described by [@B009]. Cells were treated with DMSO (0.1%) or 50 μM PCBs for 15 min at 37℃ in 5% CO~2~ incubator. Fluorescence was recorded (excitation wavelength 485 nm, emission wavelength 530 nm) at 37℃ for 1 h. Results are calculated as AUC and presented as values relative to control (% of control).

***Cell fractionation.*** Cells were scraped off into buffer A. The cells were briefly sonicated and centrifuged at 100,000 g for 1 h. The supernatants were designated as cytosolic fraction. The membrane proteins in the pellets were extracted with buffer B (20 mM Tris-HCl, pH 7.5, containing 1% Nonidet P-40, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA and protease inhibitors) on ice for 30 min followed by centrifugation at 15,000 g, and the supernatants were saved as detergent-soluble-membrane fraction.

***Immunoblotting.*** Immunoblot analysis was performed as described previously [@B019]. Proteins (10 μg) from cytosolic and membrane fractions were separated by 7.5% SDS-PAGE and transferred to nitrocellulose membrane by Semi-Dry Transfer Cell (Bio-Rad, Hercules, CA). The nitrocellulose membrane was blocked with 5% non-fat dry milk in Tris-buffered saline. PKC isoforms were detected with monoclonal antibodies for PKC-α, and -ε, (Transduction Lab, Lexington, KY, USA). The blots were reacted with a peroxidase-conjugated anti-mouse IgG and detected by the Super Signal (Pierce, Rockford, IL). The membrane was reprobed with anti-GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), which was used as loading control. The density of respective bands was analyzed by the Chemi-Doc XRS imaging system (Bio-Rad, Hercules, CA). The data was represented as % controls.

***Statistics.*** The data was analyzed by one way analysis of variance followed by Tukey's multiple comparison test. The significance was set at *p* \< 0.05.

RESULTS
=======

***ROS generation.*** ROS generation following PCB exposure was measured. At 50 μM level, all of PCB congeners induced ROS generation. There was no significant difference on ROS generation among PCB structural moieties. However, it is interesting to note that PCB-4 showed a level of ROS generation similar to PCB-126, while general toxicity of PCB-126 is much potent than that of PCB-4, based on Toxic Equivalent Factor (TEF) values ([Fig. 1](#F001){ref-type="fig"}).

***Structural relationship with the \[^3^H\]PDBu binding.*** \[^3^H\] PDBu binding assay has been used as a surrogate measure to determine the activity of PKC because it measures the total activity of PKCs bound to the membrane diacyl glycerol (DAG). Measuring percent increase of \[^3^H\]PDBu binding at 50 μM, non-ortho-substituted PCBs (PCB-126 and 169) and mono-ortho-substituted PCBs (PCB-114 and 157) showed 24% and 47% increase, respectively. Di-ortho PCBs (PCB-52 and PCB-4) showed 101% increase from untreated DMSO control cells ([Table 1](#T001){ref-type="table"}).

###### 

\[^3^H\] PDBu binding following the exposure of substances (% of control)

  ------------------------------------- ----------- ---------- --------------- ---------------
  Non-ortho-substituted PCBs (μM)       0.1         1          25              50
                                                                               
  3,3\',4,4\',5-penta-CB (PCB-126)      103 ± 09    110 ± 04   118 ± 12        126 ± 16 
  3,3\',4,4\',5,5\'-hexa-CB (PCB-169)   108 ± 08    105 ± 11   127 ± 21        121 ± 12 
  Mono-ortho-substituted PCBs (μM)      0.1         1          25              50
                                                                               
  2,3,4,4\',5-penta-CB (PCB-114)          96 ± 11   105 ± 04   130 ± 18         145 ± 16^\*^
  2,3,3\',4,4\',5-hexa-CB (PCB-157)       92 ± 15   108 ± 18    135 ± 11^\*^    148 ± 13^\*^
  Non-dioxin-like PCBs (μM)             0.1         1          25              50
                                                                               
  2,2\',5,5\'-tetra-CB (PCB-52)         102 ± 06    105 ± 12    155 ± 16^\*^    194 ± 11^\*^
  2,2\'-di-CB (PCB-4)                   105 ± 07    112 ± 05    168 ± 15^\*^    208 ± 18^\*^
  ------------------------------------- ----------- ---------- --------------- ---------------

The total activity of PKC was measured by \[^3^H\] phorbol ester binding assay in the presence of various concentrations (0, 0.1, 1, 25, 50 μM) of PCBs. All values are relative to the control cells treated with DMSO. Values represent the mean ± SD of three independent experiments. ^\*^ *p* \< 0.05 compared with the control.

![The effects of PCBs on ROS generation. ROS production in cerebellar granule cells treated with 0.1% DMSO as a control or 50 μM of PCBs (PCB-126, -169, -114, -157, -52, -4). All values are relative to the control cells (the response of cells with DMSO; 100%). Values represent mean ± SD of three independent experiments.](toxicr-28-107-g001){#F001}

***Subcellular changes in PKC isoforms.*** \[^3^H\] PDBu binding assay is to measure the total activity of PKC only. To understand the biological significance of PKC system, it is necessary to assess the effects of specific PKC isozymes following the exposure of various PCB congeners. Because the translocation of PKC-α and -ε were previously observed upon PCBs exposure, structure-activity relationship on the translocation of these PKC isozymes was analyzed. PCB-4, di-*ortho*-substituted, non-coplanar PCB congener, induced a slight decrease of PKC-α in cytosol (% of control; 45 ± 12.6 at 25 μM and 33 ± 30.7 at 50 μM) and a significant increase of membrane (% of control; 195 ± 21.6 at 25 μM and 201 ± 61.9 at 50 μM) fractions. PCB-4 also induced a significant decrease of PKC-ε in cytosol (% of control; 70 ± 12.1 at 25 μM and 40 ± 6.3 at 50 μM) and a significant increase of membrane (% of control; 152 ± 9.2 at 25 μM and 186 ± 24.8 at 50 μM) fractions. PCB-52 also showed translocation of PKC-α and -ε in a pattern similar to PCB- 4. However, non-ortho-substituted PCBs (PCB-126 and 169) or mono-ortho-substituted PCBs (PCB-114 and 157) did not show a significant translocation of these PKC isozymes ([Fig. 2](#F002){ref-type="fig"}A and [2](#F002){ref-type="fig"}B).

![The effects of PCBs on the translocation of PKC isozymes. (A) Representative PKC-α and -ε immunoblot profiles of cytosol and membrane fractions from cells treated with PCBs (0, 25, 50 μM). (B) Each band was quantified by densitometric analysis and presented in a bar graph. The values are mean ± SD from three independent experiments and presented as % of the respective controls. \* *p*\< 0.05 compared with the control.](toxicr-28-107-g002){#F002}

![The effects of AhR and ROS on the translocation of PKC isozymes induced by PCB-4. Representative PKC-α and -ε immunoblot profiles of cytosol and membrane fractions from cells treated with PCB-4 (0 and 50 μM) in the presence or absence of 10 mM NAC (A) and 10 μM α-NF (B). (mem, membrane).](toxicr-28-107-g003){#F003}

***Effects of AhR and ROS on PKC translocation.*** To assess whether PKC translocation is regulated via AhR or ROS-mediated pathway, PCB-4 induced translocations of PKC-α and -ε were measured in presence of AhR inhibitor, α-NF and ROS blocker, NAC. Prior treatment of NAC showed inhibition of translocations, but AhR inhibitor did not affect the translocation patterns of PKC-α and -ε ([Fig. 3](#F003){ref-type="fig"}).

DISCUSSION
==========

It is reported that the *ortho*-substituted PCB caused the perturbation of calcium homeostasis and PKC translocation in cerebellar granule cells, while the non-*ortho*-substituted PCBs did not show such effects [@B007], [@B005], [@B006]. Since PKC translocation as measured by the \[^3^H\]PDBu binding was observed only in the presence of the extracellular calcium [@B005], it was assumed that the classical PKCs, Ca^2+^-dependent isozymes, may be involved in this translocation process.

PKC-α is selectively associated with lithium-induced memory impairments [@B008] and translocation of PKC-α has been associated with long-term potentiation in a hippocampus region [@B015]. PKC-ε has been suggested to be a candidate isoform associated with this presynaptic mechanism of long-term potentiation. This isozyme also plays a role in expression of GAP-43 in neuronal cells, which is the neuron-specific phosphoprotein associated with axonal development and regeneration [@B011]. Our results are consistent with previous report that a significant translocation of PKC-α and PKC-ε from cytosol to membrane fraction plays a key role in the PCB-altered signal transduction pathway. However, it remains unknown whether structural characteristic of PCBs determine PKC translocation.

In an attempt to analyze the pattern of PKC activity following exposure with a variety of PCB congeners in the cerebellar granule cells, we performed \[^3^H\]PDBu binding assay. Compared to non-ortho- or mono-ortho PCBs, di-ortho PCBs, which are also known as non-dioxin-like PCBs, showed a significantly higher level of \[^3^H\]PDBu binding. The results suggest that chlorination of ortho-position may be important in neuronal cell function and provide PCB congeners with more neuroactive properties. It is interesting to note that general toxicities of dioxin-like PCBs (mono- and non-ortho PCBs) are much higher than non-dioxin-like PCBs with respect to toxic potency, which is classified with Toxic Equivalent Factor (TEF).

PKC consists of 11 isoforms and their function is species- and isoform-specific. PKCs are abundant in neuronal tissue and are involved in neuronal survival and functions of neuronal trophic factors, suggesting a crucial role for PKC in the signal transduction between neurons and the etiology of the neuronal diseases [@B003]; [@B010]. Since PKC isoforms are located in different subcellular compartment and have their unique activation profile [@B013], it is important to analyze the individual PKC isoforms to understand their biological significance in the cellular system. Immunoblot analysis with the monoclonal antibodies revealed that translocation patterns of PKC-α, -and -ε, were similar to those of the total activity measured by \[^3^H\]PDBu binding assay. While PKC translocations of non-dioxin-like PCBs are profound, those of dioxin-like PCBs do not show such a pattern. The results suggest that there may exist specific PKC isozymes more susceptible to ortho position of PCBs and structural difference of PCBs may play an important role in modulating a pivotal signal transduction in neurons.

PKC translocation was blocked by antioxidant, suggesting that PKC activation may be mediated via ROS-dependent pathway. The results also demonstrate that oxidative stress may be an important biological event in understanding PCB-mediated alteration of signal transduction pathways. While PKC translocation was blocked by antioxidant, AhR blocker, α-NF, did not affect the translocation pattern of PKC-α, and -ε, following PCB-4 exposure. It is suggested that PCB-4-induced PKC activity may not be mediated via AhR-dependent pathway. Our finding is consistent with other studies which demonstrated more neuroactive responses among non-coplanar PCBs than coplanar PCBs. Most of toxicological assessments of dioxins and PCBs are based on TEF values, which are generated under assumption of AhR-mediated pathways. Thus, AhR-independent responses are not included in the risk assessment process. Our findings confirm that the current risk assessment concept on halogenated aromatic hydrocarbons does not accommodate the neuroactive events that are mediated via non- AhR pathways. Therefore, the present study may contribute to understanding the neurotoxic mechanism of PCBs as well as providing a basis for establishing a better neurotoxic assessment, which has been neglected from the current risk assessment system.
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